High cholesterol is known to negatively affect uterine contractility in ex vivo conditions. The aim of the present study was to reveal the effect of in vivo hypercholesterolemia on spontaneous and oxytocin-induced uterine contractility in late pregnant mouse uterus. Female Swiss albino mice were fed with high cholesterol (HC) diet (0.5% sodium cholate, 1.25% cholesterol and 15% fat) for 6 weeks and then throughout the gestation period after mating. On day 19 of gestation, serum cholesterol level was increased more than 3-fold while triglycerides level was reduced in HC diet-fed animals as compared to control animals fed with a standard diet. In tension experiments, neither the mean integral tension of spontaneous contractility nor the response to CaCl 2 in high K + -depolarized tissues was altered, but the oxytocin-induced concentration-dependent contractile response in uterine strips was attenuated in hypercholesterolemic mice as compared to control. Similarly, hypercholesterolemia dampened concentration-dependent uterine contractions elicited by a GNAQ protein activator, Pasteurella multocida toxin. However, it had no effect on endogenous oxytocin level either in plasma or in uterine tissue. It also did not affect the prostaglandin release in oxytocin-stimulated tissues. Western blot data showed a significant increase in caveolin-1 and GRK6 proteins but decline in oxytocin receptor, GNAQ and RHOA protein expressions in hypercholesterolemic mouse uterus. The results of the present study suggest that hypercholesterolemia may attenuate the uterotonic action of oxytocin in late pregnancy by causing downregulation of oxytocin receptors and suppressing the signaling efficacy through GNAQ and RHOA proteins.
Introduction
Cholesterol plays a vital role in the modulation of membrane fluidity and forms the major component of membrane microdomains, such as lipid rafts and caveolae. These domains of the plasma membrane are important loci for signaling pathways. Many GPCRs along with their immediate downstream signaling molecules are known to be located in caveolae (Villar et al. 2016) . Compartmentalization of these molecules plays an important role in cell signaling involved in the regulation of uterine contractility (Brainard et al. 2005 . Besides, cholesterol acts as the precursor of most of the steroid hormones namely; estrogen, progesterone and cortisol which have a major role in the maintenance of pregnancy and induction of labor at term.
Cholesterol is critically involved in membrane receptor activity and stability. Thermal stability of rhodopsin is enhanced by an increase in cholesterol which is supposed to be the result of the indirect action of the later on membrane fluidity (Soubias & Gawrisch 2013) . In contrast, β 2 -adrenoceptor displays three to five high-affinity binding sites for direct interaction with cholesterol (Gater et al. 2014) . Older studies report that high-affinity oxytocin receptors (OXTR) remain enriched in cholesterol-loaded part of the cell membrane (Gimpl & Fahrenholz 2000) and stay protected from thermal and pH denaturation (Gimpl & Fahrenholz 2002) . Cholesterol also induces a compact conformational state (Muth et al. 2011) , affects the binding affinity (Gimpl et al. 1997) and downstream signaling of OTRs (Reversi et al. 2006) . Like β 2 -adrenoceptor, OTR is supposed to have sensitive binding sites for direct interaction with cholesterol (Wiegand & Gimpl 2012) .
A rise in both circulating and uterine tissue cholesterol level has been reported during pregnancy (Potter & Nestel 1978) . The abnormal rise of cholesterol in uterine tissue strips has been shown to reduce spontaneous as well as oxytocin-induced uterine activity (Smith et al. 2005) . The same study also demonstrated the reversal and accentuation of uterine activity by cholesterol depletion with methyl-β-cyclodextrin. Appropriate induction of uterine contraction is mediated by a protective liver X receptor β mechanism which prevents the accumulation of cholesterol in the uterus (Mouzat et al. 2007) . Increased plasma cholesterol is positively correlated with obesity (Gostynski et al. 2004) . Clinically, obese women are reported to be at increased risk of undergoing induction of labor and emergency Caesarean section (Weiss et al. 2004) . Accordingly, Elmes and coworkers (Elmes et al. 2011) reported adverse lipid profiles and decreased the expression of key markers of uterine contractility during parturition due to feeding a high-fat, high cholesterol diet in a rat model.
OXTR expression in the myometrium increases about 12-fold from early pregnancy to term, and a further increase occurs during labor (Arthur et al. 2008) . The upregulation of myometrial OXTR expression results in an enhanced sensitivity of the uterus to oxytocin at term, which argues for a vital role of the OXTR/oxytocin system in the mechanism of labor onset and maintenance. OXTR is coupled to the GNAQ, a class of guanosine triphosphate (GTP) binding proteins. The GNAQ/phospholipase C (PLC)/inositol 1,4,5-triphosphate (InsP3) pathway is the major pathway mediating the signal of OXTR. Binding of OT to OXTR during labor activates GNAQ; and IP3 thus generated ultimately releases Ca 2+ from the sarcoplasmic reticulum (Noble et al. 2006) . GNAS also causes activation of voltage-regulated Ca 2+ channels (Sanborn et al. 2005) Cholesterol depletion by methyl-β-cyclodextrin in guinea pig myometrium enhanced both spontaneous and agonist-evoked contractility in a reversible manner (Buxton & Vittori 2005) . Zhang and co-authors (Zhang et al. 2007) reported the deleterious effect of elevated cholesterol on contractility and Ca 2+ signaling in human myometrium. However, these studies did not explore the effect of hypercholesterolemia on uterine activity. In a recent study, Muir and coworkers (Muir et al. 2016) described the adverse effects of high cholesterol diet producing obesity on uterine contractility of rats in labor. This group demonstrated that high-fat diet attenuated oxytocin-induced contraction at term. However, paradoxically, they observed an increase in the density of oxytocin receptor expression in uterine tissues from high fat-fed animals. Thus, the mechanisms of reduced uterine contractions under the influence of high cholesterol level remain to be clarified. In the current study, we used a mouse model to examine the effect of hypercholesterolemia on spontaneous and oxytocin-induced uterine contractility and mechanisms involved leading to such an effect. We preferred a mouse model as mice are 99% homologous to the human genome (Mouse Genome Sequencing Consortium et al. 2002) and knock-out mice models can be used for the confirmation of the involved pathways in future.
Materials and methods

Animals and diet
All animal procedures employed in the study were approved by the Institutional Animal Ethics Committee and all mice and fetuses were humanely killed. Twenty recently weaned virgin Swiss albino female mice weighing 12-16 g were procured from the Laboratory Animal Resource Section of the Institute and group housed (five per cage) under standard laboratory conditions outlined in Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) guidelines. After an acclimatization period of seven days, mice were randomly assigned to control and high cholesterol groups and fed standard rodent diet and high cholesterol diet respectively. High cholesterol diet was formulated by mixing 0.5% sodium cholate, 1.25% cholesterol and 15% fat to standard rodent diet (Shi et al. 2002) . High cholesterol diet had a calorific content of 5.19 kcal/g, which was higher than the control diet (4.49 kcal/g). High cholesterol diet was prepared fresh daily and the feed remaining from the previous day feeding was removed from the cage before providing fresh feed to the animals.
Mating and labor induction
Mice from both the groups were fed their respective diets for the pre-mating period of 6 weeks. On day 42 mice were mated with the same age group males in the ratio of 1:1. All the animals underwent successful mating within 3-4 days of cohabitation. Mating was confirmed by the appearance of the vaginal plug in the vaginal opening of mice. The day of appearance of the vaginal plug was recorded and considered as gestation day 0.5. Following mating, pregnant females were separated from males and maintained on their respective diet until parturition. For oxytocin-induced labor, the animals were injected with oxytocin subcutaneously at 3 U/day in four divided doses from the gestation day 17.5. The injections were continued every 6 h up to parturition. This protocol was followed, based on a recent study (Grotegut et al. 2016) with certain modification. Weekly body weight was recorded during pre-mating and gestation period.
Sample collection
Another set of animals were killed by cervical dislocation on day 19 of pregnancy. Blood samples were collected through orbital plexus puncture to the heparinized tubes and plasma was separated. Plasma samples were aliquoted and stored at −20°C for further analysis. Uterus was dissected and transferred to ice-cold modified Krebs-Henseleit solution (MKHS) with following composition (in mM): NaCl 118, KCl 4.7, CaCl 2 2.5, MgSO 4 1.2, NaHCO 3 11.9, KH 2 PO 4 1.2 and d-glucose 11.1 (pH 7.4). Fetuses were removed and separated from their fetal membranes and placentas and weighed. Fetuses were then killed by injection of 0.1 mL thiopental sodium solution (200 mg/mL) into the fat pad located between the scapulas. Uterine samples were also stored in RNAlater solution (Qiagen) for real-time PCR and snap frozen for Western blot at −80°C. Renal and intra-scapular adipose tissue depots from both groups of dams were carefully dissected and weighed. 
Lipid profile
Total cholesterol and triglycerides in the plasma and uterine tissue were estimated through commercially available kits (Span Diagnostics Ltd., Surat, India) following manufacturer's instructions. Standards were used as supplied in the kit and the contents of cholesterol and triglycerides in the samples were obtained from a formula using the ODs of standard and of test. Plasma cholesterol and triglycerides were assayed by adding 1 mL of assay reagent to 10 µL sample or standard in duplicate and incubated for 10 min at 37°C. The absorbance was then read at 505 nm. Plasma cholesterol and triglycerides contents were expressed as mg/dL. The duplicates were averaged for each sample before analyzing statistically. Uterine tissue cholesterol and triglycerides contents were estimated according to the methodologies previously described by Hara and Radin (1978) , with some modifications. Uterine tissue samples were subjected to lipid extraction with isopropanol/hexane (2:3 v/v) mixture. Tissue samples (100 mg) were homogenized in 500 µL mixture of isopropanol/hexane (2:3, v/v) with subsequent centrifugation at 2000 g at 25°C for 5 min. After centrifugation, the upper liquid phase was separated and evaporated at 37°C under nitrogen and the residual lipid film was resuspended in 1 mL of ethyl acetate and analyzed using the same procedure as above for plasma and expressed in mg/g tissue.
Isometric tension experiments
Longitudinal uterine strips (6-8 mm × 2-3 mm) from the midhorn region were mounted between two loops made from 37 gage stainless steel wire in a thermostatically controlled isolated 10 mL organ bath (Ugo Basile, COMERIO-Varese, Italy) containing MKHS which was continuously bubbled with medical gas (21% O 2 + 5% CO 2 + 74% N 2 ) maintained at 37 ± 1°C under a constant passive tension of 0.7 g throughout the experiment. The uterine strips were washed every 15 min and equilibrated until they showed regular spontaneous rhythmic contractile activity. Isometric contractions were recorded by means of a high sensitivity force displacement transducer (Model: MTL 0202/D, Power Lab, Bella Vista, NSW, Australia) connected to a computer using the chart v4.1.2 software program (Power Lab).
Experimental protocols for tension experiments
Assessment of the effect of hypercholesterolemia on spontaneous uterine contractions at term
After equilibration of the uterine tissue of mice for 60 min with MKHS, the normal spontaneous contractions were recorded. The frequency (contractions/min) and amplitude (gram tension) were determined and mean integral tension (MIT) was calculated (Parida et al. 2013 ) using the following formula:
Assessment of the effect of hypercholesterolemia on oxytocin-induced uterine contractions
After recording the basal spontaneous uterine activity in both the groups, response to oxytocin was assessed by its in vitro addition into bath solution. After equilibration of uterine tissue for 1 h in MKHS, concentration response to oxytocin (10 −12 -10 −6 M) was elicited.
Assessment of the effect of hypercholesterolemia on Pasteurella multocida toxin (PMT)-induced uterine contractions
In order to examine the effect of high cholesterol and/or interaction of cholesterol with G proteins and on subsequent myometrial activity, concentration-response curve to PMT (receptor-independent activator of Gq (GNAQ)) (10 −13 -10 −9 M) was generated in uterine strips from both groups of animals.
Assessment of the effect of hypercholesterolemia on phospholipase C activator m-3M3FBS-induced uterine contractions
To examine the effect of high cholesterol diet on phospholipase C, m-3M3FBS (10-50 mM), a direct activator of phospholipase C was cumulatively added to the bath at a 5-min interval. In parallel experiments, tissue was incubated with an equal quantity of vehicle (DMSO) before eliciting the concentrationdependent response to m-3M3FBS.
Assessment of the effect of hypercholesterolemia on CaCl 2 -induced uterine contractions in K+-depolarized uterine tissue
To assess any effect of high cholesterol on the voltage-gated Ca 2+ channel, concentration-response curve to CaCl 2 was elicited after equilibration of uterine tissue in Ca 2+ free 40 mM KCl for 30 min in uterine strips of control mice and compared with high cholesterol group uterine tissue. The detailed protocol for this experiment has been described elsewhere (Singh et al. 2015) .
Western blot analysis
To determine whether high cholesterol diet influences the expression of caveolin-1(CAV1), OXTR, GNAQ, RHOA and G-protein coupled receptor kinase 6 (GRK6) proteins, uterine tissues from late pregnant mice were subjected to membrane protein extraction, SDS-PAGE and subsequent Western blotting.
Membrane proteins were extracted according to the operating instructions of Membrane Protein Extraction Kit (Boster Bio, Pleasanton, CA, USA). Total protein concentration of each lysate was determined using the Bradford protein assay kit (GeNei, Bangalore, India) according to the manufacturer's instructions.
A total of 30 µg membrane protein was mixed with Laemmli sample buffer (Bio-Rad) and boiled for 5 min. Protein lysates were fractionated on 10% acrylamide gel for OXTR, GNAQ, GRK6, and β-actin (ACTB) while CAV1 and RHOA proteins were fractionated on 15% acrylamide gel with Tris-glycine SDS buffer (GenDepot, Barker TX, USA) and transferred to nitrocellulose membrane (Bio-Rad). For the separation of OXTR protein, dithiothreitol (54 mg/mL) was added to Laemmli sample buffer (Devost & Zingg 2003) . Membranes were blocked with 5% bovine serum albumin in Tris-buffered saline, 1% Tween 20 (TBST) and probed with primary antibodies to OXTR (Rabbit monoclonal, 1:1000, Abcam), GNAQ (Rabbit polyclonal, 1:200, Santa Cruz Biotechnology), CAV1 (Rabbit polyclonal to CAV1, 1:5000, Abcam), RHOA (Goat polyclonal antibody, 1:500, Santa Cruz Biotechnology), GRK6 (Rabbit polyclonal, 1:500, Santa Cruz Biotechnology), and ACTB (Rabbit polyclonal, 1:5000, Enzo Life Sciences, Inc., Farmingdale, NY, USA) for 12 h at 4°C with agitation. Horseradish peroxidase (HRP)-conjugated secondary antibody (Goat anti-rabbit, ICL Inc., Portland, OR, USA) was used at a working concentration of 1:5000 for all except RHOA. For detection of RHOA, HRPconjugated secondary antibody (Donkey anti-goat, Santa Cruz Biotechnology) was used at a dilution of 1:10,000. Bands were developed with DAB peroxidase substrate (Vector Laboratories, Burlingame, CA, USA), subsequently scanned and quantitated by densitometric analysis using the ImageJ 1.4.3.67 Software, NIH.
Estimation of oxytocin level
Plasma and uterine oxytocin levels were measured quantitatively using a commercially available ELISA kit (Cusabio Biotech Ltd, Wuhan, Hubei Province, China) according to the manufacturer's instructions.
Estimation of oxytocin-induced prostaglandin level
Uterine tissue strips from both the group of animals were mounted in a thermostatically controlled (at 37 ± 1°C) organ bath containing MKHS and exposed to 1 µM concentration of oxytocin for 20 min. Organ bath was continuously bubbled with medical gas during the incubation. After incubation with oxytocin, tissues were immediately dismounted, snap frozen in liquid nitrogen and stored at −80°C for further analysis of prostaglandins. For estimation of basal prostaglandin production, another set of tissue strips was mounted and incubated in organ bath for 20 min without any treatment. The tissue samples were homogenized to obtain a 10% homogenate; and to normalize the total protein in each sample, protein concentration was assayed in homogenate using the commercial kit (Genei) by Bradford's method. Prostaglandin levels were estimated using commercial mouse specific competitive ELISA kit (Blue Gene, Shanghai, China) utilizing a monoclonal anti-PG antibody, following the manufacturer's protocol.
Relative expression of Oxtr mRNA in the uterus
We employed real-time PCR technique to examine relative expression of Oxtr mRNA in the uterus of control and HC diet-fed dams. Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) as per the manufacturer's instructions. The purity of the RNA was checked by A260/A280 ratio and A230/ A260 ratio in a nanodrop and quantified as 1OD = 40 µg/mL. cDNA was synthesized using High Capacity RNA-to-cDNA Kit (Applied Biosystems). Real-time PCR was conducted using Fast SYBR Green Master mix (Applied Biosystems). Each sample was run in triplicate in a 25 µL reaction consisting 12.5 µL SYBR Green master mix, 1 µL of 10 pM stock solution of each of the gene-specific forward and reverse primers (Oxtr forward 5′-GTGCAGATGTGGAGCGTCT 3′, reverse 5′ GTTGAGGCTGGCCAAGAG 3′ and Gapdh forward 5′ AACTTTGGCATTGTGGAAGG 3′, reverse 5′ ACACATTGGGGGTAGGAACA 3′) and 1 µL of cDNA; and the volume was made up to 25 µL with RNAse-free water. The real-time PCR reaction started with an initial incubation at 95°C for 10 min, followed by 35 cycles of amplification with denaturation at 95°C for 35 s, annealing at 57°C for 30 s and extension at 72°C for 30 s. The result was expressed as threshold cycle values (C T ). The threshold automatically adjusted by the instrument was used for the generation of C T values.
Drugs
Oxytocin and m-3m3FBS were purchased from Anaspec, USA and Merck, USA respectively. PMT, cholesterol and sodium cholate were from Sigma-Aldrich, USA. Dimethyl sulfoxide (DMSO) served as a vehicle for m-3m3FBS. Stock solutions of oxytocin and PMT were prepared in distilled water, stored at −20°C and dilutions were prepared in MKHS just before use. DMSO at the concentrations used was checked to make sure that it had little effect on the responses of the tissue.
Stastistical analysis
Contractile responses to oxytocin, PMT, m-3m3FBS and CaCl 2 on uterine tissues were expressed as the percentage of MIT of preceding spontaneous contraction response (set at 100%). Nonlinear regression analysis (sigmoidal dose-response with a variable slope) was used to determine the E max (the maximal response) and EC 50 (the concentration producing 50% of the maximal response) of agonists by GraphPad Prism version 4 software. The potency of the oxytocin was expressed as pD 2 (−log EC 50 ). Results have been expressed as the mean ± s.e.m. with n equal to the number of animals. To study the relative change in gene expression, the 2 −ddCT method was used as described previously by Livak and Schmittgen (2001) . The formula used to calculate the fold change in gene expression was 'fold change = 2 −ddCT , (where, ddC T = (C T , Oxtr − C T , Gapdh ) HC − (C T , Oxtr − C T , Gapdh ) control)'. Data were expressed as fold change with statistics applied on dC T values of both the groups. Student's t-test was employed for comparison between two groups where the data followed normality and Mann-Whitney test to compare data not following a normal distribution. Twoway ANOVA followed by Bonferroni post hoc test was used for multiple comparisons.
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Results
Effect of high cholesterol (HC) diet on body weight, length of gestation with and without oxytocin treatment, litter size, pup size, renal and scapular fat of mice
Feeding of HC diet did not influence the body weight of animals during the 6 weeks of feeding as well as gestation (Table 1 ). Gestation length was not different (P > 0.05) between control and HC-group of animals. Oxytocin administration significantly reduced the gestation length in both the groups but it did not affect the gestation length between the groups (Table 2) . Either standard or high cholesterol diet had no significant effect on the litter sizes (P = 0.79), pup size (P = 0.18), renal (P = 0.95) and scapular fat (P = 0.26) depots of mice (Table 1) .
Effect of HC diet on cholesterol and triglyceride level in plasma and tissue
At the end of gestation period, the plasma cholesterol level was enhanced (P < 0.0001) more than three times as compared to standard diet-fed animals (272.4 ± 22.04 mg/dL, n = 7 vs 84.51 ± 4.95 mg/dL, n = 7) whereas the triglyceride level was significantly (P = 0.026) reduced (82.75 ± 13.95 mg/dL, n = 7 vs 52.22 ± 4.88 mg/dL, n = 7) (Fig. 1A) . Uterine tissues collected after killing the animals showed significant rise (P = 0.003) in cholesterol level (2.69 ± 0.3 mg/g, n = 8 vs 1.15 ± 0.33 mg/g, n = 5) though the triglyceride levels did not vary (2.14 ± 0.37 mg/g, n = 7 vs 1.8 ± 0.35 mg/g, n = 5, P = 0.54) (Fig. 1B) .
Effect of high cholesterol diet on spontaneous uterine activity
Spontaneous uterine activity, as determined by tension experiments, was not affected by a high cholesterol diet. Representative tracings of spontaneous activity are shown in Fig. 2A . The amplitude of the spontaneous contractions in control animals was 1.29 ± 0.08 g (n = 61 strips) and that in HC diet-fed animals was 1.52 ± 0.12 g (n = 79 strips) (P = 0.15). The frequency of the spontaneous contractions was 2.01 ± 0.07 per min (n = 61 strips) in control and 1.89 ± 0.1 per min (n = 79 strips) in HC diet-fed mice (P = 0.39). The mean integral tension in control animals was 24.84 ± 1.573 g min (n = 61 strips), which was at par (P = 0.81) with the tension in HC diet-fed animals (25.38 ± 1.57 g min, n = 79 strips). The contraction amplitude, frequency and MIT are depicted in Fig. 2B .
Effect of high cholesterol diet on oxytocin-induced uterine contractility
The representative tracings in Fig. 2C depict a concentration-dependent increase in contractile responses by oxytocin in the uterus of a standard diet-fed late pregnant mouse. After equilibration, the basal MIT of spontaneous rhythmic contraction was 23.89 ± 2.79 g min (n = 10). Oxytocin (10 −12 -10 −6 M) added at an increment of 0.5 log unit, caused a concentration-dependent increase in spontaneous rhythmic contractions (Fig. 2D) . The E max and pD 2 of oxytocin-induced contractions were 556 ± 28.17% and 8.18 ± 0.17% respectively. The representative tracings in Fig. 2C illustrate the concentration-dependent increase in contractile responses by oxytocin in the late pregnant uterus of a HC diet-fed mouse. After equilibration, the basal MIT of spontaneous rhythmic contraction was 21.04 ± 1.99 g min (n = 10). The E max and pD 2 of oxytocin-induced contractions were 386.2 ± 22.12% and 8.01 ± 0.19% respectively in the uterus of a late pregnant mouse. High cholesterol diet attenuated oxytocin (10 −10 -10 −6 M)-induced contractions (P < 0.001 for E max while P = 0.50 for pD 2 ) in late pregnant mouse uterus (Fig. 2D) .
Effect of high cholesterol diet on Pasteurella multocida toxin (PMT)-induced uterine contractility
To demonstrate any effect of high cholesterol diet on GNAQ protein, we used an activator, Pasteurella Table 1 Effect of high cholesterol diet on body weight, litter size, fetus weight, renal and scapular fat depot of late pregnant mice.
Control diet HC diet P-value
Body weight (g) at the end of 6 weeks of feeding 24.82 ± 0.7 (n = 15) 22.52 ± 1.38 (n = 15) 0.14 Body weight (g) at the end of gestation 41. -10 −9 M), added cumulatively to uterine strips, produced a concentration-related contraction. HC diet significantly (P < 0.05) decreased the contractile response to PMT when compared with the contractions observed in tissues taken from standard diet-fed animals (Fig. 3A) .
Effect of high cholesterol diet on CaCl 2 -induced uterine contractility
To demonstrate any effect of high cholesterol diet on voltage-sensitive calcium channels, concentration response to CaCl 2 was obtained in 40 mM potassiumdepolarized tissue. CaCl 2 (10 −5 -10 −2 M) added cumulatively to K + -depolarized uterine strips produced a concentration-related contraction. The concentrationresponse curves in both the groups were overlapping (Fig. 3B) .
Effect of high cholesterol diet on m-3m3FBS-induced uterine relaxation
To demonstrate any effect of high cholesterol diet on phospholipase C pathway, we used an activator, m-3m3FBS. m-3m3FBS (0-50 mM) added cumulatively to uterine strips produced a concentration-related relaxation. The relaxation response was not significantly different between the two groups (Fig. 3C) .
Effect of high cholesterol diet on oxytocin-stimulated prostaglandin production in 19-day pregnant uterine tissue
Oxytocin is known to mediate part of its uterine contractile effect through release of PGs (Ross et al. 2004) . Therefore, we measured the PG release both in control and cholesterol-fed mice. Stimulation with oxytocin 1 µM for 20 min significantly enhanced (P < 0.01) the level of uterine prostaglandin in control mice (831.2 ± 194.6 pg/mg protein, n = 5 vs basal, 400.7 ± 67.30 pg/mg protein, n = 7). Similarly, prostaglandin level was significantly increased (P < 0.001) in HC diet-fed mice (841.7 ± 124.7 pg/mg protein, n = 6 vs basal, 102.4 ± 3.26 pg/mg protein, n = 7). However, basal (P > 0.05), as well as oxytocinstimulated (P > 0.05) prostaglandin production, was not significantly different between the two groups (Fig. 4A) .
Effect of high cholesterol diet on plasma and tissue oxytocin levels
Plasma and tissue levels of oxytocin ( Fig. 4B and C) were not affected (P = 0.53 and 0.65) in HC diet-fed animals (5.52 ± 2.11 IU/mL and 71.03 ± 12.89 µIU/mg protein, n = 6 each) as compared to control animals (3.87 ± 1.26 IU/mL and 58.00 ± 24.95 µIU/mg protein, n = 6 each).
Effect of high cholesterol diet on oxytocin receptor mRNA expression on the 19th day of gestation
As evident from real-time PCR study (Fig. 5A) , high cholesterol diet did not influence (P = 0.88) the oxytocin receptor mRNA expression (1 ± 0.18, n = 4 vs control, 0.66 ± 0.39, n = 4).
Effect of high cholesterol diet on oxytocin receptor, GNAQ, RHOA, GRK6 and CAV1 protein expressions on the 19th day of gestation
Figure 5B depicts the representative blots for the oxytocin receptor, GNAQ, RhoA, GRK6 and CAV1 protein expressions in control and HC diet-fed groups of mice. Densitometric analysis of the Western blot data revealed a significant reduction (P = 0.025) in the OXTR protein expression in HC diet-fed mice compared to control animals (Fig. 5C ). Control animals showed ACTB Figure 3 The effects of feeding either a control (CON) or HC diet (HC) for 6 weeks prior to and during pregnancy on exogenously added (A) Pasteurella multocida toxin (PMT), (B) CaCl 2 and (C) m-3M3FBS response in longitudinal uterine strips on the 19th day of gestation in mice. Values are means with s.e.m. represented by vertical bars. Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. *P < 0.05 compared to basal MIT in control mice. normalized value of 1.15 ± 0.11 (n = 6) as compared to 0.75 ± 0.101 for HC animals (n = 6). Similar was the protein expression for GNAQ (0.24 ± 0.01, n = 6 vs control, 0.66 ± 0.106, n = 6; P = 0.002, Fig. 5D ), which showed significant decrease in reference protein normalized values. The activation of the RhoA protein by the OXTR is another pathway that results in increased MLC phosphorylation and myometrial contraction. RhoA protein expression level was also decreased (0.07 ± 0.02, n = 3 vs control, 0.28 ± 0.02, n = 3; P = 0.004, Fig. 5E ) in hypercholesterolemic mice uteri. Along with proteins of downstream oxytocin signaling, we also measured the protein mass of GRK6 and CAV1. GRK6 is an enzyme responsible for phosphorylation and desensitization of oxytocin receptors (Grotegut et al. 2016) . Whereas CAV1 is the protein associated with caveolae. Caveolae are involved in mediating homologous and heterologous desensitization of receptors in smooth muscles (Murthy & Makhlouf 2000 , Mahavadi et al. 2013 . HC diet significantly increased GRK6 (1.01 ± 0.16, n = 4 vs control, 0.45 ± 0.06, n = 4; P = 0.02, Fig. 5F ) and CAV1 (1.55 ± 0.28, n = 5 vs control, 0.74 ± 0.19, n = 5; P = 0.04, Fig. 5G ) protein expressions.
Discussion
The prevalence of hypercholesterolemia (total cholesterol ≥6.5 mmol/L) ranged across populations from 3% to 53% in men, and from 4% to 40% in women (Tolonen et al. 2005) . Hypercholesterolemia in pregnant women affects pregnancy outcome, though controversial opinions exist. A prospective observational cohort study in Africa reports the association of high maternal serum cholesterol with pre-term delivery and low birth weight in term infants (Maymunah et al. 2014) . But a retrospective study in Norway denies such association (Toleikyte et al. 2011 ).
In the current study, we used an atherogenic diet (Shi et al. 2002) to produce hypercholesterolemia in mice. Feeding of this diet for 6 weeks before mating and continuing up to the 19th day of gestation raised the plasma cholesterol three times compared to that in the control mice. The level of cholesterol (272.4 ± 22.04 mg/ dL) was comparable to hypercholesterolemic women (≥250.96 mg/dL, Tolonen et al. 2005) . But the diet did not change the body weight significantly in the mice throughout the study period. So the diet was able to create hypercholesterolemia without causing obesity. The diet also successfully elevated the local cholesterol level in uterine tissue parallel to that in plasma. On the other hand, plasma triglyceride level was significantly reduced although the uterine triglycerides level did not alter. Thus the mice model was relevant to study the effects of increased cholesterol in uterine tissue without considering the effects of triglycerides.
The main observations of the present investigation are: (1) hypercholesterolemia impaired uterine contractions elicited by GPCR agonist oxytocin in vitro; (2) it also dampened contractions induced by GNAQ protein activator P. multocida toxin; (3) however, it had no effect either on spontaneous contractions or CaCl 2 -induced contractions in K + -depolarized uterine strips; (4) consistent with functional studies, we observed that hypercholestetrolemia decreased the expression of oxytocin receptor, GNAQ protein, and RHOA protein expressions, and increased the GRK6 protein expression; (5) additionally, CAV1 protein expression was augmented; and (6) though mRNA expression of oxytocin receptor was not affected.
We observed in a set of preliminary experiments that both control and hypercholesterolemic animals gave birth to pups on day 19 of pregnancy. Accordingly, we used the uterine tissue strips of 19-day pregnant mice before parturition for all our experiments. Further, hypercholesterolemia did not influence the parturition time upon exogenous oxytocin administration.
Our observations in isolated uterine tissue activity revealed that the spontaneous uterine contractility was not influenced in hypercholesterolemic mice. Spontaneous contractility of rodent uterus primarily depends on extracellular Ca 2+ (Bolton 1979) . In accordance, we found an overlapping CaCl 2 response in depolarized uterine tissues of both the groups of animals, which indicates that hypercholesterolemia had little effect on voltage-dependent Ca 2+ channels, responsible for the extracellular Ca 2+ influx. In the obese rat model, Muir and coworkers (Muir et al. 2016) also observed no alteration in mean integral tension, amplitude and frequency of spontaneous contractility in non-laboring rats. However, older reports depicting the effect of ex vivo cholesterol manipulation in uterine tissues indicated that increased cholesterol decreases uterine activity and cholesterol depletion can enhance spontaneous uterine contractility (Smith et al. 2005 , Shmygol et al. 2007 ).
The purpose of measuring oxytocin in plasma as well as uterine tissue was two-fold: one was to examine the effect of high-fat diet on the endogenous production of this hormone, primarily responsible for induction of labor; the second purpose was to study if excess oxytocin production in cholesterol-fed animals was in any way responsible for the desensitization of OXTR receptors in these animals. The results suggest that the elevated cholesterol level did not influence the endogenous release of the hormone primarily responsible for the induction of labor. However, exogenous application of oxytocin to these tissues displayed a significant reduction of the maximal response in hypercholesterolemic animals albeit the log EC 50 values were not different. This observation is comparable to the ex vivo studies Figure 5 The effects of feeding either a control (CON) or HC diet (HC) for 6 weeks prior to and during pregnancy on (A) mRNA expression of oxytocin receptor (Oxtr) and (B) protein expression of OXTR, GNAQ, RHOA, GRK6, CAV1 and β-actin (ACTB) proteins. Densitometric analysis of the blots confirmed the significant changes of these proteins (C, D, E, F and G) in uterine total membrane protein on the 19th day of gestation in mice. Values are means with s.e.m. represented by vertical bars. Mann-Whitney test was applied to compare the ∆C T values from the control and HC diet-fed groups. Unpaired t-test was used to compare the normalized band density between the two groups. Difference between control and HC mice was considered significant at the level of P < 0.05 (*).
with the application of exogenous cholesterol in uterine tissues (Smith et al. 2005) . But in the obese rat model, the authors reported that HFHC diet blunted the oxytocin responses during labor although there was no alteration in oxytocin-induced uterine contractility in non-laboring rats (Muir et al. 2016) .
In accordance with pharmacological observations, we found a notable decline in the oxytocin receptor expression in the membrane protein of hypercholesterolemic animals by Western blot studies. The downregulation of OXTR proteins may be related to alteration in their mRNA expression, phosphorylation and internalization of the active proteins or due to post-translational anchoring. We observed no change in mRNA expression of Oxtr, which suggested that the Oxytocin receptor is regulated after its translation to protein and not at the genomic level. Interestingly, GRK6 protein expression was significantly increased in hypercholesterolemic mice. Oxytocin receptor responsiveness has been shown to be regulated by GRK6 in human myometrial smooth muscle (Willets et al. 2009 ). Mice lacking GRK6 have exhibited enhanced uterine contractility due to deficient OXTR desensitization (Grotegut et al. 2016) . Increased GRK6 expression in hypercholesterolemic mouse uterus indicates that this may be one of the reasons responsible for OXTR downregulation. In accordance, a recent study demonstrated that cholesterol depletion by β-cyclodextrin totally suppressed agonist-induced internalization of oxytocin receptors (Brejchova et al. 2016) . So, without augmentation of OXTR desensitization in our study is intriguing as endogenous oxytocin release was not augmented. This may suggest a direct interaction between cholesterol and OXTR, as binding sites for both agonist and cholesterol are localized in the same receptor segment (Wiegand & Gimpl 2012) .
As mentioned previously, OXTR like other GPCRs along with its immediate signaling molecules resides in specific membrane compartments called lipid rafts and caveolae. These compartments act as centers for signaling cascades. Interesting studies in the past demonstrated the delicate regulation of signaling of OXTR (Rimoldi et al. 2003 , Reversi et al. 2006 due to inclusion and exclusion of the signaling components in these microdomains. In the current study, we found a significant increase in CAV1, a caveolae marker protein in the cell membrane of hypercholesterolemic animals. In prostate tissue, oxytocin provokes a proliferative response when the oxytocin receptor is localized mainly in CAV1-enriched domains and an anti-proliferative effect when the same receptor is not localized in caveolae (Herbert et al. 2007 ). Though such information is not available for contractile OXTRs of the uterus, it is possible that CAV1 enriched fractions in hypercholesterolemic mice modulate the OXTR localization to cause reduced signaling efficiency and reduced response.
As oxytocin signaling is mediated mostly by Gq/11 protein, we used a GNAQ protein activator PMT for assessing the uterine response independent of any receptor agonist. PMT causes constitutive activation of G proteins by deamidase activity. In isolated uterine tissues, PMT produced a concentration-dependent increase of contractile response in control mice, which was attenuated in hypercholesterolemic mice. This finding was also supported by the Western blot data, where a considerable reduction in GNAQ protein was found in hypercholesterolemic mice. This indicated the reduction in signaling efficacy of the OXTR in hypercholesterolemic mouse uterus. Cholesterol depletion was shown not to affect the binding characteristics of TRH receptor, a GPCR like OXTR, but to markedly alter the efficacy of signal transduction mediated by Gq/11 (Ostasov et al. 2007 ).
In addition, PMT is an activator of Rho GTPases independent of Gq proteins (Blöcker et al. 2006) . RhoA is a small GTPase that can inhibit myosin light chain phosphatase and/or activate Rho kinase (ROCK) to promote the contractility of smooth muscles (Puetz et al. 2009 ). Oxytocin through the OXTR can activate the RhoA-ROCK cascade that results in increased MLC phosphorylation and myometrial contraction (Arthur et al. 2007 ). In the current study, we noticed a significant downregulation of RhoA protein in hypercholesterolemic mice suggesting a possible effect on this pathway, which leads to suppressed oxytocin response.
Further, we evaluated the effect of direct activation of phospholipase C independent of oxytocin stimulation. Surprisingly, selective PL-C activation by m-3m3FBS, which was supposed to raise intracellular Ca 2+ content, produced concentration-dependent relaxation of the uterine tissue. This was proved to be the result of activation of abundant Ca 2+ -sensitive K + channels by the reversal of such relaxation by selective BKca channel blocker, iberiotoxin (data not shown). Hypercholesterolemia did not affect direct PL-C-activated response in the uterus. This suggests the effect of high cholesterol at the receptor and its nearby component G-protein and not on distal signaling pathways like phospholipase C. Another mechanism of oxytocin producing uterine contractility is the stimulation of cellular synthesis of prostaglandins (Soloff et al. 2000) . We observed that hypercholesterolemic uteri were equally efficient as control uteri in releasing prostaglandins consequent to oxytocin stimulation.
Uterine smooth muscle is unique to show the opposite effect of high cholesterol content as compared to other smooth muscles. Increased cholesterol in pregnancy may be linked to maintenance of quiescence until parturition. One of the mechanisms for this phenomenon may be the reduced number of active uterine OXTRs due to desensitization or selective compartmentalization. Abnormal hypercholesterolemia may foster this by inhibiting the signaling of these receptors through GNAQ and RHOA proteins.
In conclusion, hypercholesterolemia is a condition although crucial in cardiovascular disorders has particular significance in physiology and pathology of reproductive disorders. Even if the particular model used in the study did not affect the overall contractility of the uterus, it elicited a notable effect on oxytocin response. Oxytocin is a major contractile agent and is used clinically for augmentation of labor during dysfunctional labor. Though further study is required in a clinical setting, the clinician must take note of reduced efficacy of oxytocin in hypercholesterolemic patients. Moreover, studies may be directed to reveal the regulation of these receptors in caveolar and noncaveolar plasma membrane as well as to disclose any direct interaction of the receptor with cholesterol to cause its desensitization in in vivo models.
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